Stimulation of the homologous recombination DNA-repair pathway via the induction of genomic double-strand breaks (DSBs) by zinc finger nucleases (ZFNs) has been deployed for gene replacement in plant cells. Nonhomologous end joining (NHEJ)-mediated repair of DSBs, on the other hand, has been utilized for the induction of site-specific mutagenesis in plants. Since NHEJ is the dominant DSB repair pathway and can also lead to the capture of foreign DNA molecules, we suggest that it can also be deployed for gene replacement. An acceptor DNA molecule in which a green fluorescent protein (GFP) coding sequence (gfp) was flanked by ZFN recognition sequences was used to produce transgenic target plants. A donor DNA molecule in which a promoterless hygromycin B phosphotransferase-encoding gene (hpt) was flanked by ZFN recognition sequences was constructed. The donor DNA molecule and ZFN expression cassette were delivered into target plants. ZFN-mediated sitespecific mutagenesis and complete removal of the GFP coding sequence resulted in the recovery of hygromycin-resistant plants that no longer expressed GFP and in which the hpt gene was unlinked to the acceptor DNA. More importantly, ZFNmediated digestion of both donor and acceptor DNA molecules resulted in NHEJ-mediated replacement of the gfp with hpt and recovery of hygromycin-resistant plants that no longer expressed GFP and in which the hpt gene was physically linked to the acceptor DNA. Sequence and phenotypical analyses, and transmission of the replacement events to the next generation, confirmed the stability of the NHEJ-induced gene exchange, suggesting its use as a novel method for transgene replacement and gene stacking in plants.
Genome editing is a powerful tool for functional gene analysis and the genetic improvement of living cells. Developing methods for genome editing in plants will foster gene functional analysis and the introduction of novel traits into agriculturally important species (for review, see Puchta, 2002; Hanin and Paszkowski, 2003; Weinthal et al., 2010; Tzfira et al., 2012) . Methods for genome editing have been developed for several model organisms, such as yeast (Saccharomyces cerevisiae), mouse embryonic stem cells, and Drosophila spp. (Scherer and Davis, 1979; Baribault and Kemler, 1989; Venken and Bellen, 2005; Hall et al., 2009; Laible and Alonso-González, 2009; Tenzen et al., 2010) . These methods rely on homologous recombination (HR) between foreign donor DNA molecules and the target acceptor sequence in the genome. In plant species, however, domination of the nonhomologous end joining (NHEJ) DNA-repair machinery over that of HR (Ray and Langer, 2002; Britt and May, 2003) often leads to random integration of foreign DNA molecules, which in plants are often delivered by Agrobacterium tumefaciens-mediated gene transfer (Banta and Montenegro, 2008) .
Several reports have described strategies to enhance the rate of HR DNA-repair events in plant cells or to select for rare HR-mediated donor DNA-integration events (for review, see Puchta, 2002; Hanin and Paszkowski, 2003; Weinthal et al., 2010; Tzfira et al., 2012) . Thus, for example, HR-mediated gene targeting has been enhanced in Arabidopsis (Arabidopsis thaliana) plants by overexpression of RAD54, a yeast chromatin-remodeling protein (Shaked et al., 2005) . Other examples include the use of strong positive-and negative-selection schemes or PCR-based screening for the selection of rare HR-mediated genetargeting events in rice (Oryza sativa; Terada et al., 2002 Terada et al., , 2007 and in Arabidopsis plants and tissues (Kempin et al., 1997; Hanin et al., 2001) , respectively. While these approaches and others have proven useful, relying on the cell's natural low rate of HR DNA repair has shown only limited success in the targeting of native and transgenic sequences in plant cells (for review, see Puchta, 2002; Hanin and Paszkowski, 2003; Reiss, 2003; Porteus, 2009; Weinthal et al., 2010; Tzfira et al., 2012) .
The HR DNA-repair machinery can also be enhanced by the induction of genomic double-strand breaks (DSBs). DSBs can be induced at specific genomic locations using zinc finger nucleases (ZFNs). ZFNs are artificial hybrid restriction enzymes that are composed of a fusion between a designed zinc-finger protein DNA-binding domain and the cleavage domain of the FokI endonuclease (for review, see Porteus, 2009; Urnov et al., 2010; Weinthal et al., 2010; Tzfira et al., 2012) . ZFNs have been designed to target a wide variety of native and artificial sequences in human, animal, and plant cells (Kumar et al., 2006; Porteus, 2006; Lombardo et al., 2007; Moehle et al., 2007; Doyon et al., 2008; Cai et al., 2009; Shukla et al., 2009; Liu et al., 2010; Zhang et al., 2010; de Pater et al., 2013) . In many cases, ZFN-mediated DSBs have been used to stimulate the HR DNA-repair machinery for HR-mediated gene replacement and gene addition. This approach has been successfully implemented in animals (Beumer et al., 2006; Meng et al., 2008) , human cell lines (Urnov et al., 2005; Lombardo et al., 2007) , and plants (Wright et al., 2005; Cai et al., 2009; Shukla et al., 2009; Townsend et al., 2009; de Pater et al., 2013) . However, it is important to note that while ZFNinduced DSBs can indeed induce the HR repair machinery, most of these breaks are repaired by the cell's NHEJ DNA-repair machinery in plant and other species. Thus, ZFNs have also been used for the induction of site-specific mutagenesis in many eukaryotic cells, including plant cells (Lloyd et al., 2005; Tovkach et al., 2009; Marton et al., 2010; Osakabe et al., 2010; Zhang et al., 2010; Curtin et al., 2011; Even-Faitelson et al., 2011) . More recently, ZFNs have been used for NHEJmediated targeted chromosomal deletions (Lee et al., 2010; Söllü et al., 2010) , transgene removal (Petolino et al., 2010) , and even NHEJ-mediated targeted DNA integration in mammalian genomes (Orlando et al., 2010) . Since genomic DSBs can function as traps for the integration of A. tumefaciens transferred DNA (T-DNA) molecules via NHEJ (Salomon and Puchta, 1998; Chilton and Que, 2003; Tzfira et al., 2003) , we decided to explore the possible use of the NHEJ DNA-repair pathway not only for site-specific mutagenesis and targeted gene insertion but also for gene replacement.
During plant transformation, A. tumefaciens delivers its T-DNA as a single-stranded molecule that, inside the plant cell, can be complemented into a doublestranded transferred DNA (dsT-DNA) intermediate by an as yet unknown mechanism (Tzfira et al., 2004; Ziemienowicz et al., 2008) . Induction of DSBs by the transient expression of naturally occurring rare-cutting restriction enzymes results in the incorporation of the T-DNA molecules into a predetermined integration site in the plant cell (Salomon and Puchta, 1998; Chilton and Que, 2003; Tzfira et al., 2003) . More importantly, T-DNA molecules can be digested by rarecutting restriction enzymes prior to their final integration into the plant genome (Chilton and Que, 2003; Tzfira et al., 2003) . These observations indicate that it is the dsT-DNA intermediates that function as substrates for the NHEJ integration machinery (Chilton and Que, 2003; Tzfira et al., 2003) . Furthermore, sequencing analysis indicates that the digested dsT-DNA molecules may be integrated into the rare-cutter-induced genomic DSBs by a simple NHEJ ligation-like mechanism (Chilton and Que, 2003; Tzfira et al., 2003) . These observations led us to suggest that NHEJ-mediated gene replacement might be achieved by coupling the release of a target DNA portion (by the expression of ZFN enzymes) with the delivery of donor T-DNA molecules. Our strategy, which relies on the induction of quadruple DSBs and on NHEJ-mediated incorporation of a T-DNA molecule into the broken target DNA (Fig. 1A) , is substantially different from HRmediated gene-replacement strategies, which rely on the induction of a single genomic DSB and stimulation of the HR repair machinery (Weinthal et al., 2010; Tzfira et al., 2012) . Our strategy may thus provide an alternative not only for native gene replacement but also for editing and stacking a number of genes in the same chromosomal locus, several of which may carry similar regulatory sequences (Lyznik and Dress, 2008; Naqvi et al., 2010; Que et al., 2010) , which could hinder the use of HR for their successive engineering.
Here, we describe a proof-of-concept report that demonstrates that the NHEJ DNA-repair pathway, when combined with the use of ZFNs, can serve for gene replacement in plant cells. Our approach is based on the use of a donor T-DNA molecule that carries ZFN recognition sites that are compatible with sites on the acceptor DNA sequence. We demonstrate that codelivery of the T-DNA molecule with ZFN expression cassettes leads to a variety of outcomes, including gene replacement, in addition to site-specific mutagenesis and gene deletion. Phenotypical and molecular analyses as well as transmission of the replacement events to the next generation in tobacco (Nicotiana tabacum) and Arabidopsis plants confirmed the nature and stability of the NHEJ-induced gene exchange.
RESULTS

Experimental System
We developed an experimental approach in which a variety of NHEJ-mediated genome modifications could be studied. Shown in Figure 1A is an outline of the target sequence (gene A), which is flanked by ZFN recognition sites. Targeting of gene A's coding sequence at the 59 end is expected to lead to gene A's loss of function, while simultaneous digestion at both the 39 and 59 ends of gene A's coding sequence may result in complete gene deletion. DSB induction at gene A's 59 end (or 39 end) can also result in trapping of a foreign DNA molecule (i.e. gene B). More importantly, coupling the release of gene A by simultaneous digestion at both ends with the delivery of a foreign DNA molecule (i.e. gene C) can potentially result in NHEJmediated gene replacement.
We used a single-monomer ZFN approach to minimize the complexity that might be associated with variability in the expression, binding, and activity of two or more different monomers in plant cells. We used the QQR ZFN, which is a three-finger ZFN capable of binding to the sequence 59-GGGGAAGAA-39 (Smith et al., 2000) . QQR ZFN has been successfully used for targeting experiments in Arabidopsis, tobacco, and petunia (Petunia hybrida) plants (Lloyd et al., 2005; Tovkach et al., 2009; Marton et al., 2010; Even-Faitelson et al., 2011) . We selected gfp as the target DNA molecule to facilitate the phenotypical monitoring of putative targeting events by loss of function. The GFP coding sequence, which was driven by the cauliflower mosaic virus (CaMV) dual 35S constitutive promoter, was flanked by two quasipalindromic QQR ZFN recognition sites (Fig. 1B) . A promoterless hygromycin resistance-encoding gene (hpt) was flanked by two quasipalindromic QQR ZFN recognition sites and used as donor DNA. The hpt gene was selected to facilitate the recovery of putative replacement events by positive selection. ZFN expression was driven by the CaMV dual 35S constitutive promoter . The hpt and ZFN expression cassettes were delivered either as a single T-DNA molecule (Fig. 1C) or from two independent T-DNA molecules (Fig. 1D) . We produced several tobacco and Arabidopsis kanamycin-resistant and GFPexpressing target transgenic plants. Two Arabidopsis lines and two tobacco lines carrying a single and simple T-DNA target molecule and strong uniform GFP expression were selected for gene replacement and mutagenesis experiments.
QQR ZFN-Mediated Site-Specific Mutagenesis and Gene Deletion
Target transgenic tobacco and Arabidopsis plants were retransformed with the donor DNA and ZFNexpressing cassette (Fig. 1) . Transgenic plantlets and seedlings were selected on hygromycin. Random integration of the donor DNA molecule can potentially lead to promoter trapping (Lindsey et al., 1998) , which can result in nontargeted hygromycin-resistant plants. Therefore, we used a high concentration of hygromycin in an attempt to minimize the number of hygromycin-resistant nontarget plants. We recovered 30 tobacco and 21 Arabidopsis hygromycin-resistant plants that were further analyzed for GFP expression and integrity of the GFP coding sequence by PCR amplification and sequencing of the GFP coding locus. Table I summarizes the various types and numbers of targeting events we obtained. The percentages derived from the number of molecularly confirmed specific events (i.e. mutation, deletion, and replacement) from hygromycin-resistant plants that were recovered for each plant species. Figure 2 shows the sequencing data of several hygromycin-resistant lines that were found to carry the full or partial GFP coding sequence. As expected, the expression of ZFNs in target tissues led to sitespecific mutagenesis at the QQR ZFN recognition sites flanking the GFP coding region. Nucleotide replacement and small deletions and/or additions were observed. While in most cases these changes did not result in the elimination of GFP expression, as , and target gene replacement (gene C). B, A GFP-and kanamycin-expressing target DNA molecule in which the GFP coding sequence is flanked by two quasipalindromic QQR ZFN recognition sites. This construct was used to produce GFP-overexpressing transgenic plants. C, A donor T-DNA molecule that was engineered to carry a promoterless hygromycin resistance-encoding gene flanked by two quasipalindromic QQR ZFN recognition sites and a constitutive QQR ZFN expression cassette. D, A dual-donor T-DNA molecule in which the promoterless hygromycin resistance-encoding gene and the QQR ZFN-expressing cassette are launched from two separate T-DNA molecules. gfp, GFP-encoding gene; hpt, hygromycin resistance-encoding gene; LB, left border; nptII, kanamycin resistance-encoding gene; P, generic promoter; P 1 and P 3 , dual CaMV 35S promoter; P 2 , octopine synthase promoter; QQR, QQR ZFN recognition site; RB, right border; T, generic terminator; T1 and T 3 , CaMV 35S terminators; T2, octopine synthase terminator; ZFN, ZFN recognition site; ZFN*, altered ZFN recognition site.
[See online article for color version of this figure.] observed by confocal microscopy, line T10-3 did not express GFP, most likely due to a truncation of its 39 end (Fig. 2) . Interestingly, while both QQR ZFN recognition sites were mutated in these lines (except for T23-6, which was mutated in only one QQR ZFN recognition site), the GFP coding sequence was not released. These observations indicated that the QQR ZFN recognition sites are most likely sequentially digested by QQR ZFN and repaired by the plant NHEJ machinery in a manner similar to that previously described by Gong and Golic (2003) .
Complete release and deletion of the GFP coding region were observed in several tobacco and Arabidopsis lines (Fig. 3) . We molecularly characterized these events by PCR amplification of total plant DNA using sets of primers capable of amplifying distinct regions of the GFP expression cassette (Fig. 3A) . Exemplified by tobacco plant T8, amplification of the entire GFP expression cassette (primers F1 and R1; Fig.  3 , A and B) resulted in a shorter product (approximately 1.4 kb) than that of the parental line (approximately 2.1 kb; Fig. 3B ). Furthermore, no specific DNA band was observed in plant T8 when the GFP 39 end and part of the terminator region were subjected to amplification by PCR (primers F2 and R1; Fig. 3, A and B) . Sequencing analysis of short PCR products derived from the amplification of GFP expression cassettes in T8 and several Arabidopsis lines verified that the GFP coding sequence indeed had been removed from the parental genomic DNA (Fig. 4) . Furthermore, confocal microscopy analysis indicated that deletion of the GFP coding sequence led to the elimination of GFP fluorescence in the targeted plants, as exemplified by tobacco plant T8 (Fig. 3C) . In addition to T8, several transgene-deletion events were also characterized in Arabidopsis, all of which were verified by sequence analysis (Fig. 4) . Subsequent characterization of lines T23, A6-23, T8, A3-2, A7-1, and A7-10 (which derived from dual T-DNA transformation) failed to produce a specific PCR product for the ZFN expression cassette. Next, we let T23, T8, A7-1, and A7-10 mature and collected seeds that were able to germinate in the presence of kanamycin. Subsequent characterization of these seedlings showed that about 16% of them did not produce an hpt-specific band. Our data thus showed that simultaneous induction of two DSBs is possible via transient expression of ZFN in the target plants and that the hpt gene used to detect gfp-free plants can be bred out in successive generations. This notion was further supported by the molecular characterization of randomly selected hygromycin-resistant T8 and T23 seedlings, which showed that these plants carry an independent nontargeted hpt-specific band (Fig. 5 ). This analysis further suggested that the gfp fragment that had been released from the genome of plant T8 did not reincorporate somewhere else inside the plant genome.
QQR ZFN-Mediated Gene Replacement
Our ultimate goal was to achieve NHEJ-mediated gene replacement in plant cells. Indeed, we were able to recover plants in which the GFP coding sequence had been replaced by hpt. The general structure of the gene-replacement events in Arabidopsis line A15 and tobacco lines T19 and T14 is shown in Figure 6A . Also shown are the pairs of primers used for the amplification of whole or distinct regions of the gfp (or hpt) expression cassettes. PCR amplification of total DNA from line A15, using primers that flanked the replacement gene (i.e. primers F1 and R1), produced a distinct 2.5-kb-long DNA fragment that was longer than the 2.1-kb DNA fragment in the parental line (Fig.  6B , top panel). Our data indicated that the GFP coding sequence had been replaced by a DNA fragment of a larger size, presumably hpt. Further analyses revealed a gfp-specific band in the parental line but not the A15 line (Fig. 6B , top panel, primers F2 and R1) and an hpt-specific band in A15 but not in the parental line (Fig. 6B , top panel, primers F3 and R1). Sequence analysis confirmed the nature of the replacement event and demonstrated that, indeed, the GFP coding sequence had been replaced by a complete hygromycin resistance-encoding gene (Fig. 6C) . A similar replacement event was also observed in tobacco line T19, as detected by PCR analysis (Fig. 6B, center panel) . However, the M r of the PCR-amplified band obtained by using primers F1 and R1 or F3 and R1 was slightly higher than that obtained in Arabidopsis line A15. This was due to the insertion of a filler DNA of unknown origin at the hpt 59 end, as detected by sequencing analysis (Fig. 6C) . Tobacco regenerant T14 exhibited a poor growth rate and slow rooting under hygromycinselection conditions. Further analysis revealed that T14 contained a replacement event in which the hpt gene was inserted in reverse orientation with respect to the target cassette's constitutive promoter (Fig. 6A) . The molecular structure of this replacement event was confirmed by PCR analysis (Fig. 6B, bottom panel) and DNA sequencing (Fig. 6C) .
Phenotypical Analyses and Sexual Transmission of Replacement Events
We further characterized the A15 and T19 replacement events, and as expected, neither the Arabidopsis seedling A15 nor the tobacco regenerant T19 displayed GFP fluorescence (data not shown). To characterize the stability of the gene-replacement events, we let A15 and T19 mature and set seed and tested the seedlings' ability to germinate in the presence of hygromycin or kanamycin. Seeds derived from the parental lines germinated well on kanamycin but not on dualselection germination medium (i.e. kanamycin and hygromycin selection media), while seeds of A15 and T19 germinated well on both selection media (Fig. 7, A and B). A15 and T19 seedlings segregated at a ratio of 3:1 when cultured on kanamycin, hygromycin, or dual kanamycin and hygromycin germination medium. These observations further support the notion that A15 and T19 were derived from a single replacement event and not from putative trapping of the hygromycin resistance gene promoter.
Tobacco regenerant T14, which contained a reversed hpt gene insertion, exhibited a poor growth rate and slow rooting under hygromycin selection conditions. It is clear that the reverse orientation of the hpt gene did not promote the regeneration of T14. We thus suggested that a second hpt gene was activated by random integration into the T14 genome and that this plant's poor growth rate might be linked to the silencing of this second, potentially functional, gene copy. To test this hypothesis, we determined whether application of the RNA-silencing suppressor p19 (Voinnet et al., 2003; Chapman et al., 2004) would reverse the putative silencing of hpt in T14. Indeed, as shown in Figure 7C , shoot regeneration under hygromycin-selective conditions was suppressed in T14 leaf discs, while inoculation of T14 leaf discs with a T-DNA molecule overexpressing p19 abolished the suppression, resulting in the efficient regeneration of hygromycinresistant shoots. No shoot regeneration was observed when parental hygromycin-sensitive leaves were inoculated with p19-overexpressing T-DNA molecules (Fig. 7D) .
We next tested the heredity and stability of the gene replacement in eight randomly selected hygromycin- resistant seedlings from A15 and T19 plants. As expected, no GFP expression could be detected in these seedlings, and sequencing analysis of these plants confirmed that they retained the replacement DNA structure and sequences of the parents from which they were derived (Fig. 8) . Molecular characterization of randomly selected hygromycin-resistant seedlings of T19 and A15 demonstrated that the hpt coding sequence is linked to the target site and that the gfp fragment that was released from the genome is no longer present in these lines (Fig. 5) . The existence of a second hpt fragment in the genome of T14 lines was evident from the recovery of hpt-resistant, but nontargeted, plants (i.e. line T14-L2; Fig. 5 ), which were also gfp free. Furthermore, PCR analysis of some of these seedlings failed to detect traces of the QQR ZFN expression cassette, indicating that the latter did not integrate into the genomes of A15 and T19 plants.
DISCUSSION
In previous studies, HR-mediated gene-replacement strategies have been the preferred mode of gene replacement in plants (Wright et al., 2005; Shukla et al., 2009; Townsend et al., 2009; de Pater et al., 2013) , while NHEJ-mediated repair of ZFN-induced DSBs has been limited to targeted mutagenesis and transgene removal (Lloyd et al., 2005; Morton et al., 2006; Maeder et al., 2008; de Pater et al., 2009; Tovkach et al., 2009; Osakabe et al., 2010; Petolino et al., 2010; Zhang et al., 2010) . Our findings show that the NHEJ DNA-repair pathway can be harnessed for gene replacement in plant species. Our study may thus provide an alternative to HR-mediated gene-replacement strategies in plant cells.
There can be several advantages to using NHEJmediated gene replacement in plant cells. First, data show that T-DNA molecules preferentially integrate in plant cells via NHEJ and not HR (Tzfira et al., 2004 Ziemienowicz et al., 2008; Weinthal et al., 2010) . Since NHEJ is most likely the major DNA-repair pathway in a wide range of somatic plant cells (which are primary targets in many existing plant transformation protocols), relying on the plant's natural DNA-repair pathway may be preferable to stimulating the HR DNArepair machinery.
Second, studies have shown that dsT-DNAs integrate into genomic DSBs (Salomon and Puchta, 1998; Chilton and Que, 2003; Tzfira et al., 2003) and that DSBs may act as "hot spots" for T-DNA integration (Tzfira et al., 2003) . It has thus been suggested that dsT-DNA, and not T-strands, is the preferred substrate for the integration machinery (Tzfira et al., 2003 (Tzfira et al., , 2004 Ziemienowicz et al., 2008) . Since ZFNs digest doublestranded DNA, our finding shows that, indeed, it is the dsT-DNA that integrates into the plant genome. While the possibility of T-strands integrating into undamaged plant genome regions cannot be ruled out, the use of dsT-DNA as the substrate for integration, in particular into DSBs, may enhance the efficiency of gene replacement in plants.
Third, studies in yeast have revealed that the host DNA-repair machinery, and not just the T-DNA sequence, greatly determines the route by which T-DNA molecules integrate into the transformed cell's genome (van Attikum et al., 2001; van Attikum and Hooykaas, 2003) . More specifically, it was shown that KU70, a key determinant of the NHEJ repair pathway, is essential for NHEJ-mediated T-DNA integration (van Attikum et al., 2001) , while Rad52, a determinant of the HR machinery, is required for HR-mediated T-DNA integration (van Attikum and Hooykaas, 2003) . Studies have also shown that KU80 is an essential protein for T-DNA integration in plants . KU80, which may function together with KU70 (Tamura et al., 2002) , is likely to act by recognizing dsT-DNA molecules, mostly likely as broken genomic fragments, and directing them to integration into naturally occurring DSBs via NEHJ and not HR. These observations suggest that, while under specific conditions, DSBs may stimulate the HR machinery, most of the T-DNA molecules may still be destined to integration via NHEJ and not HR. In this study, we used a single, well-characterized QQR ZFN. Naturally, the application of our strategy for native sequences will require the design and assembly of two ZFNs, or some other type of artificially designed restriction enzyme, such as transcription activator-like effector-based nucleases (Cermak et al., 2011; Li et al., 2012) , and designed endonucleases (Gao et al., 2010) .
Fourth, NHEJ-mediated gene replacement is particularly powerful for gene stacking and for genome editing of multitransgene arrays in transgenic plants, which are some of the major challenges today for plant biotechnologists (Halpin, 2005; Lyznik and Dress, 2008; Naqvi et al., 2010; Que et al., 2010) . More specifically, the assembly of multigene arrays by traditional cloning or recombination systems typically leaves repetitive sequences within the DNA molecule (Dafny-Yelin and Tzfira, 2007) , which can include recombination sites, traces of multicloning sites, and even reparative promoters and terminator regions: these may hinder the use of HR-mediated recombination methods for their targeting. Our approach may facilitate the engineering of multigene arrays by using pairs of ZFNs, which are designed to flank the target genes and to be used in conjunction with matching donor DNA molecules for NHEJ-mediated replacement. Alternatively, multitransgene arrays can be designed to carry unique sets of quasipalindromic ZFN recognition sites at key locations across the transforming vector. The latter can then be used for NHEJ-mediated gene replacement and deletion via the transient expression of a single ZFN monomer and may facilitate the stacking of several genes in the same chromosomal locus. Indeed, we have previously shown that ZFNs can be used for the construction of multigene plant transformation vectors (Zeevi et al., 2008 . In these vectors, each ZFN expression cassette is flanked by quasipalindromic ZFN recognition sites, and the ZFNs that were used for in vivo assembly of the transformation vector (Zeevi et al., 2008 can potentially be used for the replacement and deletion of specific expression cassettes in transgenic plants. Thus, the NHEJ DNA-repair pathway provides an important complementary, and sometimes even superior, strategy to HR-mediated gene replacement in plant cells.
de Pater et al. (2009) reported that the rate of sitespecific mutagenesis in ZFN-overexpressing transgenic plants is much lower than expected, and Osakabe et al. (2010) discovered that the ZFN-mediated site-specific mutagenesis rate is similar in wild-type and KU80-deficient plants. However, Osakabe et al. (2010) , showed that the lack of KU80, which functions in protecting exposed DNA ends in DSBs, leads to larger deletions at the ZFN-induced break site as compared with shorter mutations in the wild-type plants. It was thus suggested that an alternative NHEJ pathway might exist in Arabidopsis (Osakabe et al., 2010) . Our site-specific mutagenesis rate (19% and 26% for Arabidopsis and tobacco, respectively, when calculated for two individual mutations per event; Table I ) was similar to those reported by others (Lloyd et al., 2005; de Pater et al., 2009; Tovkach et al., 2009) . We observed that in several cases, both target sites had been mutated, yet the target sequence was not released (Fig. 2) . While we cannot rule out the possibility that both sites were sequentially (as described previously by Gong and Golic [2003] ), and not simultaneously, targeted, it is also possible that the GFP coding region was physically released and quickly reintegrated by the NHEJ machinery into the break site. Interestingly, one of the sites in line T6-23 was true to type. Although it could be that this site was simply not targeted, reconstruction of the QQR ZFN site in line T19 (Fig. 6) clearly indicated that NHEJmediated gene targeting can occur via simple ligation between the donor and acceptor DNA. Indeed, it was previously shown that T-DNA molecules engineered to carry a site for the rare-cutting restriction enzyme I-SceI are digested and integrated, via a ligation-like mechanism, into I-SceI-induced genomic DSBs (Tzfira et al., 2003) .
Transgene removal from transgenic plants is an important technology for molecular breeding and for gene containment (Moon et al., 2010) , and it is frequently achieved using novel vectors and site-specific recombination systems (Darbani et al., 2007) . Transgene deletion by ZFNs was recently reported by Petolino et al. (2010) , who flanked a transgene with the ZFN CCR5 (Perez et al., 2008) . In their report, Petolino et al. (2010) used a transgenic strategy in which transgenic target plants were crossed with CCR5 ZFNoverexpressing plants, giving rise to targeted offspring. Here, we expand the use of transgene delivery to the important model plant Arabidopsis with an efficiency of 28% (calculated for actual deletion events; Table I) . Furthermore, we demonstrate that deploying transient ZFN expression in standard transformation procedures (i.e. leaf disc transformation and flower dip) is sufficient for the recovery of deletion events. A clear advantage of our strategy is that it can potentially be implemented in existing transformation and regeneration procedures. In addition, it does not rely on crosses between target and ZFN-expressing plants, which may be difficult or even impossible to implement in clonally propagated plant species. It should be noted that while promoter trapping of the hpt selection gene under stringent conditions enabled the selection of GFP-free transgenic lines, this gene could be bred out in successive generations. Other, more direct screening and selection methods potentially can be deployed for the detection and selection of mutants with target gene deletions. No less important, our data support the vision of Moon et al. (2010) of using ZFNs for transgene biocontaminant strategies in somatic cells.
We recovered three NEHJ gene-replacement events (with rates of 4% and 6% for Arabidopsis and tobacco, respectively; Table I ) and further characterized them both molecularly and phenotypically. An approximately 200-bp filler DNA was inserted at the hpt 59 end in line T19. This filler DNA showed no similarity to any other known DNA. Scrambled filler DNA is often observed at the integration sites of plasmid and T-DNA molecules in transgenic plants (Gorbunova and Levy, 1997; Kumar and Fladung, 2000; Makarevitch et al., 2003; Windels et al., 2003) . In their report, Gorbunova and Levy (1997) proposed that the origin of scrambled DNA may involve the invasion of ectopic templates and multiple template switches during DNA integration. Those authors also suggested that genomic DSB repair may involve extensive end degradation and suggested that capturing "floating" DNA may not be a major process by which filler DNA is formed. Our observations, however, suggest that while the formation of scrambled DNA at the hpt 59 end may indeed derive from multiple template switches, the accurate ligation-like integration at the 39 end indicates that the final substrate for integration may have been a double-stranded filler-DNA/T-DNA floating molecule that was captured by the DSB. A better understanding of the DNA-repair machinery and the mechanisms by which genomic DSBs are repaired is required to fully exploit the NHEJ pathway for genome editing in plant cells.
MATERIALS AND METHODS
DNA Constructs
To produce the acceptor DNA, the pSAT6-2xQQR plasmid, in which two quasipalindromic QQR ZFN recognition sites flank unique BglII and HindIII sites, was constructed as follows. The first QQR ZFN recognition site was cloned by annealing primers 59-CCCAAGCTTTTCTTCCCCACGGCAGGG-GAAGAACTCGAGCGG-39 and 59-CCGCTCGAGTTCTTCCCCTGCCGTGG-GGAAGAAAAGCTTGGG-39 and cloning the resultant DNA as a HindIII/ XhoI fragment into HindIII/SalI sites of pSAT6-MCS , producing pSAT6-1xQQR. The second QQR ZFN recognition site was cloned by annealing the 59-CATGCCATGGGTTCTTCCCCACGGCAGGGGAAGA-ACGAATTCAGATCTTC-39 and 59-GAAGATCTGAATTCGTTCTTCCCCT-GCCGTGGGGAAGAACCCATGGCATG-39 primers and cloning the resultant DNA as an NcoI/BglII fragment into the same sites of pSAT6-1xQQR, producing pSAT6-2xQQR. pSAT6[QQR-TS.GFP.QQR-TS], in which the GFP coding sequence is flanked by two quasipalindromic QQR ZFN recognition sites, was constructed by PCR amplification of the enhanced GFP coding sequence from pSAT6-enhanced GFP-N1 
